Abstract-This paper reports a feasibility study of fibre Bragg Grating (FBG) sensing application for simultaneous extraction of thermal and mechanical information on electric machine bearings operational status for condition monitoring purposes from the same optical sensing head. The underlying aim is to examine the potential of using the readings from a single FBG head embedded in the bearing structure to infer information on both thermal and mechanical operating conditions observed at sensor location. To this end, experiments were undertaken on an FBG instrumented driveend bearing of an operating inverter driven squirrel cage induction motor. Key features of the in-situ FBG sensor design, installation and calibration procedures along with the analysis of the obtained experimental measurements are reported. It is shown that the acquired measurements contain concurrent thermal and mechanical information that can be distinguished to enable understanding of the examined motor bearing thermal only and mechanical only operating conditions.
I. INTRODUCTION
Electric machines are a core element of modern industrial applications. With ambitious global scale plans for electrification of the transportation sector and development of wind power generation, the use of electric machines is set to experience a strong increase in the near future. This usage growth will be closely followed by a step change in availability targets for electric machines; in addition to improved design, increased availability is largely expected to come from a step change in performance of condition monitoring and diagnostic techniques to enable effective low error margin diagnosis and hence facilitate development of lifetime extension routines and optimal predictive maintenance methods [1] .
Bearings are vital enablers of the electro-mechanical energy conversion process in electric machines. They are known as the machine component with the highest failure rate in in-service machinery [2] . Generally, undetected bearing failures will result in loss of machine availability, and are often accompanied by irreversible damage and/or high maintenance cost. Machine bearing structure monitoring is therefore important to ensure their reliability and availability. The root causes of bearing failure are largely found in the mechanical and thermal stresses imposed on their structure during operation [2, 3] ; the variable speed nature of the growing renewables and transportation power conversion applications in particular, is likely to impose highly dynamic operating conditions in this respect and thus increase the significance of effective understanding of bearing in-service stresses.
The prevailing practical method for bearing health monitoring is based on machine frame vibration analysis using accelerometers and/or bearing temperature monitoring using conventional thermal sensors [2, 4] . This is because bearings, whether healthy or faulty, inherently generate mechanical and thermal excitation whose nature will change with fault presence and can thus be monitored for diagnostic purposes [4] . Capturing these changes as clearly and as early in the fault development process as possible can enable improved efficacy diagnosis: this is an area where improved sensing methods that allow for sensing point placement nearer to the actual bearing structure/points of failure for insitu observation of high fidelity fault exclusive signature could offer considerable advantages over the existing monitoring techniques; further improvements could be attained by addressing the electro-magnetic interference (EMI) immunity constraints of current monitoring techniques where reliable measurement are required [5] .
Fibre optic sensing has emerged as a promising alternative for electric motor condition monitoring: its application for machine mechanical and thermal monitoring [5] [6] [7] [8] [9] [10] [11] [12] is attracting increased interest. FBG sensing technology, with its advanced features such as small size, EMI immunity, multiplexing and multi-physical sensing presents a promising proposition for enabling targeted in-situ monitoring of bearing multi physical operating conditions. The two latter sensing features (i.e. multiplexing and multiphysical sensing) are key in enabling sensing system cost reduction for advanced electric machine monitoring applications: multiplexing facilitates distributed embedded sensing schemes where a single fibre can carry an array of distributed sensing points, while multi-physical sensing can enable a comprehensive sensing system design where individual sensing points can monitor different physical measurands where required [7, 10] .
FBG sensing applications for electric motor bearings structure monitoring is only starting to be examined with very recent reports suggesting encouraging potential for this application [13] [14] [15] [16] . However, the existing studies seem exclusively focused on strain monitoring and are largely performed on standalone bearing structures where sensing is performed within the bearing housing and not on the actual bearing geometry, with limited content [13] examining bearing structure in-situ application but not providing information on the application technique nor full interpretation of obtained results. Rotary bearing FBG sensing applications in electric machines require further work to be understood and optimised, with a particular focus on exploring requirements for effective application of single point multi-physical sensing for condition monitoring purposes.
To this end, this work investigates the feasibility of FBG usage for simultaneous in-situ single point monitoring of both thermal and mechanical operating conditions of inservice squirrel cage induction motor (IM) bearing structure. For this purpose, the drive end bearing of the test IM was instrumented with an FBG sensor operated by a commercial interrogator platform. The sensor design, application and calibration procedure are detailed in the study. While the sensor calibration is performed for exclusively thermal excitation, its use for inferring information on both thermal and mechanical operating conditions of the monitored bearing structure is examined, underpinned by the apparent difference in mechanical and thermal domain dynamics inherent to rotary bearings operation in electric machines.
A range of experiments are undertaken in different mechanical and thermal operating conditions on a purpose built IM laboratory test-rig and the obtained data analysed to examine single point in-situ FBG sensing potential to provide useful multi domain information on bearing operating conditions. It is found that the proposed method enables recognition of both thermal and mechanical operating conditions relevant to diagnostic purposes that are sensed by a single FBG head, thus providing a step forward in understanding the application potential of FBG technology in providing reduced cost yet improved robustness and fidelity alternative to conventional bearing monitoring techniques in electric machinery.
II. OPERATING PRINCIPLES OF FIBRE BRAGG GRATING
SENSOR An FBG sensor is a micro structure imprinted into the core of a standard single-mode optical fibre; a single imprint is referred to as an FBG head. It is formed longitudinally on the optical fibre core in a length typically of the order of a few millimetres, in which a modulated periodic refractive index is formed in a fibre core when exposed to an interference pattern of ultraviolet laser light [1] . Fig. 1 illustrates the structure and the fundamental operating concept of an FBG sensor. The fibre containing an FBG head is illuminated with broadband light and a particular wavelength (that meets Bragg condition) reflected by the FBG head. The FBG reflects a specific light spectrum that matches its designed Bragg wavelength. The process of fibre light excitation and examination of the reflected spectrum for Bragg wavelengths is managed by an interrogator unit [17] .
The basic operation principle of FBG sensing is to monitor the narrowband reflected Bragg wavelength after injecting broadband light into the optical fibre. The base Bragg wavelength, , can be defined by [10] :
where: Λ is the FBG gratings pitch and is the effective index of the optic core. These parameters alter with the change in strain and/or temperature the FBGS is exposed to, in turn altering the reflected Bragg wavelength. The reflected λ B relative rate of change due to changes in the FBG structure parameters can be defined in terms of the acting thermal and/or mechanical excitation as [17] :
In (2): is the shift in the Bragg wavelength, ∆ɛ is the change in strain, ∆T is the change in temperature and and are the FBG sensitivity factors to strain and temperature, respectively. signifies the Bragg wavelength shift caused by elastic-optic effect due to strain while describes the Bragg wavelength variation due to thermooptic and thermal expansion effects caused by temperature variation. A standard FBG has sensitivity to mechanical strain of ≈ 1.2 pm/µɛ and to thermal excitation of ≈ 12 pm/°C [1, 12] . However, the FBG sensitivity factors are in principle design dependant and can, for example, vary with packaging and bonding methodologies; these values are best determined in characterisation tests for a particular application [9] . III. TEST SYSTEM DESCRIPTION The feasibility of the proposed multi-physical FBG sensing system for electric machine rotary bearing in-situ monitoring was examined on a three-phase, 50 Hz, 0.55 kW squirrel cage IM. The examined IM specifications are shown in Table I .
TABLE. I: TEST MOTOR SPECIFICATION
The test motor drive end bearing was instrumented with a single FBG sensor head to allow for experiments required for this study to be performed. The following sections describe the overall test system architecture and the examined bearing structure, the FBG sensor and its installation and calibration procedures.
A. Bearing embedded FBG sensing system
The test IM uses NSK (NSK-6202Z) ball bearings. These are a single row radial ball bearing design containing eight balls, the spacing between which is maintained by means of a bearing cage. Fig. 2a illustrates the examined bearing structure. A single FBG sensor was embedded on the examined bearing. Fig 2b shows the schematic diagram of the used FBG probe; it is designed to carry a single 5mm head length (sensing area) imprinted in bend insensitive single mode polyamide coated fibre.
For the purpose of embedding the FBG sensor, the drive end bearing was disassembled and a 1 x 1 mm groove machined on its surface in circumferential direction, as shown in Fig. 2c.1 . The optical fibre containing the sensing FBG head was then embedded into the machined groove and bonded to the outer ring structure by means of strain gauge glue. Finally, the FBG instrumented bearing was assembled, mounted on the rotor shaft and installed into the end-cap housing, as shown in Fig. 2c.2 . To maximise sensor exposure to excitation, care was taken to position the sensing head in the bearing load zone, as illustrated in Fig. 2a . B. Embedded FBG thermal sensing system calibration Once the FBG instrumented bearing and the end-cap structure was assembled, the FBG head was thermally calibrated in-situ to characterize its thermal sensitivity. This was achieved by inserting the entire rotor and bearing structure in an industrial thermal chamber, as shown in Fig.  3 . It is important to note that the inclusion of the entire structure in the calibration test is not deemed necessary in general and would be impractical in a number of field applications; it was performed here due to the ease afforded by the relatively small size of the test motor. Thermally calibrating the complete bearing structure is however required to enable characterization of in-situ sensor's thermal response, and would impose much simpler practical test requirements due to its much smaller size compared to the full rotor structure.
The entire rotor structure was exposed to a series of static thermal excitation conditions in the examined bearing thermal operating range of 25 to 115 °C. The aim of the calibration tests is to determine the in-situ FBG sensor sensitivity to thermal excitation and thus the FBG reflected wavelength shift-temperature fit curve, which can facilitate in-situ temperature measurements and indirectly underpin recognition of in-situ strain measurements using the same sensing head. Fig. 4 shows the data recorded during the calibration test; the calculated parameters of the second order polynomial fit curves for the FBG head are shown in the inset table. The table also includes the calculated standard error for each parameter and the calculated correction coefficient for the FBG head. The FBG sensor is seen to show good linearity with a correction factor coefficient higher then 0.999. The average temperature sensitivity factor ( ) determined by the calibration test is ≈ 24.4 pm/°C. Once the FBG sensor was thermally calibrated the rotor was installed into the remainder of the examined IM geometry and the machine fully assembled.
The discrimination between temperature and strain related measurements in the observed FBG wavelength shift in this application is based on:
1. the intrinsic substantial excitation frequency difference, as governed by electric machine multiphysics, i.e. a relatively high excitation frequency for mechanical excitation (strain) and a low excitation frequency for thermal excitation [2];
2. the variation band width, which is limited for excitation arising from monitored strain due to the rigid bearing structure;
3. the inherent significant difference between FBG strain and temperature sensitivity [1] .
Mechanical calibration for absolute strain sensitivity determination in a rotary application is beyond the scope of this study; relative strain measurement is deemed sufficient to enable understanding of diagnostic related information. Calibrating the sensor behaviour under exclusively thermal excitation conditions however can facilitate the differentiation of in-service signatures arising from thermal excitation from those produced by mechanical excitation, which will inherently be simultaneously registered by the insitu sensing head.
C. General Test Rig Design
Fig . 5 shows the schematic diagram of the test-rig system used in this study. The 0.55kW IM was driven by a commercial drive (Parker SDD890) operating in constant V/f control mode. For loading purposes, the IM was coupled to 0.75kW DC permanent-magnet machine whose armature current was controlled to achieve a desired operating point.
The FBG sensors are interrogated by a SmatFibres SmartScan04 platform and processed using its proprietary LabView based SmartScan routine. The reflected Bragg wavelength from the installed FBG sensor was acquired at a frequency of 5 kHz in the test. For thermal measurement validation purposes a thermal camera (FLIR type TG-165) was used to monitor the drive end-cap thermal profile and thus observe its bearing temperature. 
IV. EXPERIMENTAL RESULTS AND DISCUSSION
This section reports the experimental tests undertaken on the IM laboratory test system and discusses the measurements obtained through the application of the proposed in-situ FBG sensing method.
The examined IM was exposed to three standard S1 duty cycles involving different loads (0% load, 50% load and 100% load) [18] . This is to ascertain the efficacy of the proposed in-situ FBG sensing method in enabling simultaneous monitoring of thermal and mechanical conditions on the examined bearing structure using the single installed FBG head, since the applied cycles enable different trends and levels of thermal and mechanical excitation on the examined motor design. Loading induction machines will generally result in thermal excitation increase, mostly due to associated current rise with load (1.1A @ 0% load, 1.3A @ 50% load and 1.6A @ 100% load for the examined IM) and the resulting winding heat loss. In contrast, induction machine loading reduces the bearing mechanical excitation frequencies that are rotor speed related, as the rotor speed reduces with the increase in load (1488 rpm @ 0% load, 1440 rpm @ 50% load and 1380 rpm @ 100% load, for the examined IM). Fig. 6 shows the averaged FBG head reflected Bragg wavelength measured in the tests and converted to thermal measurements using the thermal calibration test obtained fit curve, as explained in section III.B. The bearing temperature profiles in Fig. 6 start at ambient temperature level (≈ 27 °C) and increase until their steady-state thermal equilibria are reached for their respective applied S1 cycles. It can be seen that the bearing temperature rises with load increase as result of the overall motor loss increase, including bearing friction loss and machine electromagnetic system losses. The in-situ FBG sensor recorded a steady-state temperature of ≈ 46.6 °C, ≈ 54.9 °C and ≈ 66.5 °C for 0%, 50% and 100% load, respectively. To validate the obtained thermal measurements thermal images were taken of the examined motor drive endcap (which houses the examined bearing) when thermal steady-state was reached for each load condition. The resulting thermal images are shown in Fig. 7 . The temperature readings in the top of the images represent the values measured in the end-cap location denoted by the cursor in the image, which is located above the bearing location; thermal measurement in this position reflects the thermal condition existing in the bearings [19] . The thermal camera obtained thermal readings of the end cap temperature in close proximity to the test bearing shows a reasonably close match to the FBG sensor obtained in-situ thermal Fig. 6 . In-situ FBG bearing temperature measurements for different load conditions 0% load image 50% load image 100% load image Fig. 7 . End-cap obtained thermal images measurement taken on the bearing outer ring structure. The observed minor difference between thermal camera and FBG sensor readings is expected, as FBG temperature readings are taken in-situ while thermal images provide only end cap surface temperature adjacent to the bearing housing. Fig. 8 shows a detailed view of the bearing dynamic thermal measurements during individual test cycle thermal equilibrium stage reported by the FBG sensor, with no averaging; the black trace in the figures represents the dynamic temperature measurement while the orange, dark green and purple traces are its average -plotted in Fig. 8a, b and c for 0%, 50% and 100% load, respectively. It can be seen that the measured bearing temperature exhibits a magnitude variation of ≈ 8 °C around the average value, manifested in a uniform pattern with a constant frequency for each steady-state load condition and with a relatively uniform peak level. This variation can be explained by the mechanical excitation measured simultaneously with thermal excitation by the FBG sensing head: the observed constant frequency peaks in the dynamic measurement ripple are an artefact of the deformation induced in the bearing outer ring due to individual ball pass events, which is measured as insitu strain variation by the FBG head each time a ball passes its position -as the sensor readings are converted to thermal values based on the thermal only calibration curve of the insitu sensor these effects are manifested as high frequency ripple in the resulting thermal measurements. The experimental results shown in Fig. 8 demonstrate the in-situ FBG sensor's response time is sufficient high to register these relatively high frequency mechanical excitation related events in the test bearing.
The nature of the observed dynamic thermal measurement variation and the information it contains on bearing operation was examined further: the measured peak frequency was found to be ≈ 71.2 Hz, ≈ 74 Hz, ≈ 76.9 Hz for 0%, 50% and 100% load, respectively, as illustrated in Fig.  8 . The measured frequencies closely match the test bearings manufacturer's specification of ball pass frequency value observed on the outer ring for the examined speeds (71.1 Hz @ 1380 rpm, 73.2 Hz @ 1440 rpm and 75.6 Hz @ 1488 rpm). The studied bearing is an eight ball design hence one full cycle of the rotating element, also known as the cage assembly rotational frequency, will generate nine successive uniformly distributed peak events at the examined constant rotational speeds; this yields a cycle frequency of ≈ 8.8 Hz, ≈ 9.25 Hz and ≈ 9.6 Hz from the FBG reported measurement, presenting a close match to the manufacturer data sheet values for the rotational frequency of the cage assembly (8.77 Hz @ 1380 rpm, 9.15 Hz @ 1440 rpm and 9.45 Hz @ 1488 rpm).
To further examine the mechanical condition related information in the obtained dynamic measurements FFT analysis was applied on the collected thermal steady-state data. Fig. 9 gives the measured FFT spectra for the examined test cycle steady-state conditions in a frequency range of 0-250 Hz for illustrative purposes. The spectra are found to clearly report the harmonics of bearing outer ring ball pass frequencies and their multiples for each applied load/speed condition, i.e. ≈ 71.2 Hz, ≈ 73.9 Hz and ≈76.6 Hz etc. The thermal FFT spectra also contain harmonic components of the IM fundamental rotational speed, i.e. ≈ 23 Hz, ≈ 23.90 Hz and ≈ 24.81 Hz etc., as illustrated in the detail view of the corresponding narrowband displayed in the graph inset in Fig. 9 . These findings demonstrate that the reported data contain information on both the thermal status of the bearing and its mechanical excitation conditions. V. CONCLUSIONS This paper reported a feasibility study of in-situ FBG sensing application potential for provision of information on bearing thermal and mechanical operating conditions in inservice electric machines from a single fibre optic sensing head. To this end experiments are undertaken on FBG instrumented bearings of an operating inverter-driven induction machine; this was achieved by embedding an FBG sensing head on the outer ring surface of the test motor drive end bearing.
The reported experimental findings demonstrate that useful information on both bearing thermal and bearing mechanical operating conditions can be extracted from a single FBG sensing head based on the proposed methodology. The differentiation between thermal and mechanical effects is enabled by exclusively thermal calibration of the in-situ sensor prior to its in-service application, in combination with the considerably different dynamics of these two domains in rotating bearings, inherent to rotating electric machinery.
While further research is required to investigate optimal utilisation of bearing embedded FBG sensing the presented method demonstrates the feasibility of simultaneous thermomechanical sensing for electric machine rotating bearings in the same measurement point based on usage of a single FBG. The proposed method has the potential to provide a straightforward, low cost and fully EMI immune alternative to conventional accelerometer based frame vibration monitoring and conventional thermal sensors for condition monitoring and diagnostic purposes, with the advantage of monitoring signatures of interest in-situ, in the proximity of stress and failure points.
